Electronic absorption spectra of linear HC 2n+1 H + ͑n =2-7͒ were recorded in 6 K neon matrices following their mass-selective deposition. Four new electronic band systems are identified; the strongest Ẽ 2 ⌸ g/u ← X 2 ⌸ u/g lies in the UV and the second most intense C 2 ⌸ g/u ← X 2 ⌸ u/g is located in the visible range. The known Ã 2 ⌸ g/u ← X 2 ⌸ u/g absorption is an order of magnitude weaker than C 2 ⌸ g/u ← X 2 ⌸ u/g . Transitions to the B and D states are also discussed. The wavelengths of the HC 2n+1 H + ͑n =2-7͒ electronic systems obey a linear relation as a function of the size of the cations, similar to other carbon chains. The B 3 ⌺ u − ← X 3 ⌺ g − transition in the UV of neutral HC 2n+1 H ͑n =4-7͒ has also been identified upon photobleaching of the cations trapped in the matrices.
I. INTRODUCTION
Highly unsaturated hydrocarbon molecules, C n H m ͑m =1,2͒, are important intermediates in terrestrial environments, such as in combustion under oxygen deficient conditions and discharges.
1 They are of astrophysical interest too as it is a well-established fact that the C n H m ͑m =1,2͒ chains are constituents of the interstellar medium ͑ISM͒. 2, 3 Furthermore, they are perhaps building blocks of larger organic systems such as polycyclic aromatic hydrocarbons. C n H, [4] [5] [6] [7] C n H − ͑n Յ 8͒, [8] [9] [10] and H 2 C n ͑n Յ 6͒ ͑Refs. 11-13͒ have been detected by their microwave transitions in many astronomical objects. Polyacetylenes, HC 2n H ͑n =2,3͒, are also present in the ISM as their infrared bands were detected in carbonrich protoplanetary nebulae. 14 Particularly interesting are the n = odd members of the HC n H series, because they are open-shell and their lowest energy electronic transition falls in the visible and near infrared. HC 2n+1 H have been studied in the optical domain by direct absorption in neon 15 and nitrogen 16 matrices and in the gas phase by cavity ring-down 17, 18 and resonance enhanced multiphoton ionization methods. 19 They were also studied by ab initio methods. [20] [21] [22] [23] [24] Much less is known about the HC 2n+1 H + ions. Apart from a few theoretical investigations on the smaller members of the HC 2n+1 H + homologous series ͑n =2-4͒ ͑Refs. 25 and 26͒ there are only two reports on the spectroscopic studies of the lowest energy electronic transition of HC 2n+1 H + ͑n =2-7͒. 15, 27 Recently, we explored higher energy electronic transitions of HC 2n H + ͑n =2-7͒ in neon matrices. 28 The results had encouraged us to come back to the spectroscopic studies of HC 2n+1 H + . In this contribution the higher energy electronic transitions of HC 2n+1 H + ͑n =2-7͒ and the UV transition of neutral HC 2n+1 H ͑n =4-7͒ in neon matrices are reported.
II. EXPERIMENTAL
The apparatus used in the past 27 for mass-selective deposition of charged species into neon matrixes has been modified. All rubber seals in the matrix chamber were replaced with Cu gaskets and diffusion pumps by turbo ones. This improved the vacuum in the matrix chamber by more than one order of magnitude; the pressure is now below 1 ϫ 10 −8 mbar at room temperature. The monochromator and the photomultiplier/Si diode detectors have been replaced by a spectrograph with a focal length of 0.3 m, equipped with three gratings and a thermoelectrically cooled, open electrode charge coupled device ͑CCD͒ camera. The electronic absorption spectra are collected in several overlapping sections. The spectral width of a single section depends on the dimension of the active area of the CCD and resolution of the grating used.
The general idea for the detection of species trapped in a neon matrix remains nevertheless the same. Broadband light from a halogen or xenon lamp is focused on the entrance slit of the matrix and propagated ϳ2 cm through it in a "waveguide" mode. Light coming out of the matrix is focused onto a bundle of 50 optical fibers 1.0 mm in diameter. The output is shaped into a slit form ͑0.1ϫ 6 mm͒, which illuminates the entrance slit of the spectrograph.
In the present arrangement the light that probes the matrix during the recording of spectra has intensity several orders of magnitude higher than previously, where instead of broadband radiation, monochromatic light was used. Therefore, care was taken to minimize photoconversion of the species during the measurement. This was achieved by means of appropriate short-wavelength cutoff filters and by minimizing the exposure time of the matrix. The absorption spectra of the species were detected in several sections covering 220-1100 nm. The measurements were always started from the longest wavelength and they were continued into UV. The spectrum was then recorded again to test whether photoconversion of the species had taken place.
The HC 2n+1 H + cations ͑n =2-7͒ were generated in a hot cathode discharge source from a mixture of diacetylene with helium; the ratio varied from 1:3 for the smaller cations ͑n =2,3͒ to 1:1 for the larger ones ͑4 Յ n Յ 7͒. The cations were separated in a quadrupole mass filter and the resolution of one mass unit was achieved for all ions but HC 15 H + . In the latter case the resolution was slightly reduced to get sufficient ion current for the depositions. A picoammeter was used to measure the current during the matrix growth and by integration the total charge of the trapped HC 2n+1 H + ions was evaluated. Under the best experimental conditions this was 29, 10, 13, 12, and 4 C for n =2-6 for the deposition times 3.8, 2.3, 4.5, 5, and 5 h, respectively. For technical reasons, the ion current of HC 15 H + could not be counted. In order to suppress neutralization of the cations during deposition, a mixture of chloromethane with neon in a ratio of 1:20 000 was used to produce the host matrix. Chloromethane has a high electron affinity ͑ϳ3 eV͒ and captures electrons efficiently forming Cl − ions and CH 3 radicals. 29 The latter remain in matrix cages and due to the very low concentration they do not interfere with trapped cations, while Cl − anions reduce the space charge. Moreover, neither of these species ͑CH 3 Cl, CH 3 ,Cl − ͒ has absorption in the 200-1100 nm spectral range.
III. RESULTS AND DISCUSSION
A. Ã 2 ⌸ g/u ] X 2 ⌸ u/g transition of HC 2n+1 H + "n =2-7… Deposition of the HC 2n+1 H + cations ͑n =2-7͒ with neon led to the detection of several electronic band systems that extend from near infrared to UV. Figure 1 shows the lowest energy Ã 2 ⌸ b ← X 2 ⌸ a transition of HC 2n+1 H + , where a ϵ u and b ϵ g for n = even and vice versa for n = odd. This band system has already been reported, 15, 27 but is included here for two reasons. First, a higher signal-to-noise ratio was achieved and consequently more detail is seen in the spectra, e.g., vibrationally excited levels of HC 5 H + and HC 7 H + . The second was to compare its relative intensity with those of the newly observed transitions.
The Ã 2 ⌸ b ← X 2 ⌸ a band systems of HC 2n+1 H + ͑n =2-7͒ are similar in appearance. The origin band and a progression of ϳ2000 cm −1 that corresponds to the excitation of a C ϵ C stretching mode in the Ã state are characteristic. Wavelengths of the bands in the Ã 2 ⌸ b ← X 2 ⌸ a system are given in Table I . The origin band of HC 2n+1 H + shifts monotonically by ϳ90 nm toward longer wavelengths as the size of cations increases, as shown earlier. 27 Another pattern observed is that the integrated intensity of the band system normalized to the same ion charge ͑1 C͒ increases from 0.06 through 0.14, 0.32, and 0.37 to 0.86 in the series n =2-6.
The smaller members of the HC 2n+1 H + series ͑n =2-4͒ have been studied by ab initio methods. 25, 26 The calculated energy of the first allowed Ã 2 ⌸ b ← X 2 ⌸ a transition is overestimated by 0.1-0.3 eV. The Ã 2 ⌸ b ← X 2 ⌸ a transition of HC 2n+1 H + can be classified as weak on the basis of its predicted oscillator strength ͑f = 0.004, 0.002, and 0.007 for n =2-4, respectively͒. However, the calculations predict the f-values less accurately, e.g., the experimental integrated intensity of HC 7 H + is 2.3 times larger than HC 5 H + rather than two times weaker according to theory.
B. Visible spectral range
The HC 2n+1 H + cations exhibit much richer electronic spectra than reported previously. 15, 27 Apart from the 7 H + , respectively, while the integrated intensity of system B is about two times lower than that of C for both cations. Weak bands lying on the highenergy side of B and C are assigned to vibrational excitation within the electronic transitions ͑Table I͒.
The absorption of HC 9 H + in the visible range is more alike those of the larger cations in the series than the smaller ones. A regular intensity distribution of the strongest bands ͑C in Fig. 2͒ is apparent. The most intense band lying on the lower energy edge of the spectrum is assigned as the onset of a new electronic transition. Other absorptions are due to two fundamental modes of energy 1903 and 2047 cm −1 and their overtones, active in the excited electronic state. These are attributed to the 3 and 2 totally symmetric vibrations of HC 9 H + on the basis of DFT/B3LYP/cc-pVTZ calculations of the ground state frequencies for this cation, carried out using the GAUSSIAN 03 program suite. 30 Calculated energies of the g + modes of the HC 2n+1 H + series ͑n =2-7͒ are included in the footnote of Table I .
In addition to the strong band system, the spectrum of HC 9 H + exhibits several weak absorptions at the low-energy side. In the visible spectral range, ab initio MRD-CI calculations locate three excited electronic states of symmetry ͑1͒ 2 ⌽ g , ͑2͒ 2 ⌸ g , and ͑3͒ 2 ⌸ g that are dipole accessible from the X 2 ⌸ u ground state of HC 9 H + . The energies to these states are 2.48, 2.72, and 2.81 eV. 26 The strongest transition is to ͑2͒ 2 ⌸ g with an oscillator strength of 0.2. The transitions to the ͑1͒ 2 ⌽ g and ͑3͒ 2 ⌸ g states are predicted to be much weaker, with f ϳ 0.0004 and 0.0001, respectively. The origin band of the strong absorption system lies at 529.1 nm ͑2.34 eV͒ and the onset of the weaker one at 553.5 nm 31, 32 The band at 547.2 nm of HC 11 H + departs considerably from this linear plot. This suggests that it is not the onset of the C transition. A common feature of the C band system of all the HC 2n+1 H + cations is the appearance of a strong progression due to excitation of the C ϵ C stretching modes. In this regard HC 11 H + is not an exception, because a vibrational band of energy 2013 cm −1 is observed at 492.9 nm. Closer inspection of the moderately intense group of bands redshifted from the strongest ͑547.2 nm͒ locates a band at 615.1 nm, which is separated from the 547.2 nm peak by 2017 cm −1 . Therefore, the absorption at 615.1 nm is assigned as the onset of the C transition of HC 11 H + ; the peak at 547.2 nm corresponds to the excitation of a fundamental and that at 492.9 nm is the overtone. The moderately intense group of bands around 620 nm is assigned to the weaker B transition. Proximity of the two electronic states B and C leads to interaction between them and as a result, weaker B transition gains in intensity. The B system of HC 11 H + is therefore much stronger than observed for the other members of this series, while the origin band of C transition becomes exceptionally weak in comparison to the other HC 2n+1 H + cations.
The strong C system of HC 2n+1 H + ͑n =5-7͒ is assigned to the ͑3͒ 2 ⌸ b ← X 2 ⌸ a transition by analogy to the smaller members ͑n =2-4͒ of this series, where a ϵ u and b ϵ g for n = even and a ϵ g and b ϵ u for n = odd. The weaker system B can be assigned to the ͑2͒ 2 ⌸ b ← X 2 ⌸ a transition; however, calculations for HC 9 H + predict ͑1͒ 2 ⌽ g close to ͑2͒ 2 ⌸ b . 26 The symmetry of the B state is thus left open and the state is marked by ⌶ in Table I , where ⌶ denotes either ⌸ or ⌽. The wavelengths of the onset of the B and C transitions of HC 2n+1 H + as a function of the number of carbon atoms lie on least squares fitted lines shown in Fig. 3 . The linear fit for the B and C transition is somewhat worse than in case of Ã 2 ⌸ b ← X 2 ⌸ a ͑regression coefficient R is 0.9958 and 0.9962 versus 0.9995͒. A reason could be interactions of B and C states due to their proximity.
C. UV spectral range
The UV section of the absorption spectra of HC 2n+1 H + is shown in Fig. 4 . For each cation but HC 7 H + two spectra are shown: the upper one was recorded after deposition of massselected ions and the lower one after irradiation of the matrix with UV photons from a medium-pressure mercury lamp. One can distinguish absorptions that diminish upon irradiation and ones ͑marked by stars͒ which grow in intensity. The latter are due to neutral species.
Initially we focus on the region where the strongest absorptions of HC 2n+1 H + ͑n =3-7͒ are. These are marked by letters a, c, e, g, and i in Fig. 4 . Two band systems can be distinguished in the spectra. The first one ͑D͒ lies at lower wavelength and is weak, whereas the second one ͑E͒ bears 
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Higher energy transitions of HC 2n+1 H + in neon J. Chem. Phys. 133, 024304 ͑2010͒ large intensity. In the case of HC 7 H + there is a strong broad absorption centered at 231.8 nm, which rises steeply from lower wavelengths and then falls gradually. The shortwavelength edge of this band is obscured by scattered UV light in the matrix. For HC 9 H + band E is shifted by ϳ38 nm toward red in comparison to HC 7 H + and a multiplet structure is apparent. Band E of HC 11 H + is shifted bathochromically by ϳ48 nm with respect to HC 9 H + and the structure is even more evolved. This pattern is observed also for HC 13 H + and HC 15 H + . The E system of the latter cations spans over 60 nm and has a complex structure. If the wavelength of the E band of HC 2n+1 H + ͑n =3-5͒ is plotted against the number of carbon atoms, the onset for HC 13 Figs. 3 and 4 .
The vibronic structure of the Ẽ 2 ⌸ b ← X 2 ⌸ a transition of HC 2n+1 H + is more complex than for the lower energy ones. In the case of larger members ͑n =6,7͒ the transition extends 5000 cm −1 beyond the origin band. A weak origin band and the rich vibrational excitation are a signature of a geometry change in the Ẽ 2 ⌸ b excited with respect to the ground state. The suggested assignment to the g + modes given in Table I is tentative. A medium intensity band system ͑D in Fig. 4͒ lies to the red with respect to the Ẽ transition. The wavelength of this system versus the number of carbon atoms shows a linear dependence ͑Fig. 3͒ with R = 0.9996. MRD-CI calculations for HC 7 H + and HC 9 H + predict several excited electronic states lying between the C and Ẽ states, but the transitions from the ground state to these are dipole-forbidden. 25, 26 It is difficult to deduce the D state symmetry and whether the transition appears because of vibronic interaction or if it is not adequately described by theory. This is left open and the D system is designated as D 2 ⌰ a/b ← X 2 ⌸ a , where 2 ⌰ a/b could be 2 ⌸ or 2 ⌽ and would have the same ͑a͒ or the opposite ͑b͒ to the ground state gerade/ungerade symmetry depending on whether it is vibronically induced or optically allowed transition, respectively. In Table I the onset of this transition is marked as 0 0 0 + ␦, ␦ being the frequency of a nontotally symmetric vibration, while it equals 0 for the second case.
The bands of neutral HC 2n+1 H ͑n =4-7͒ are identified in the UV region. They are marked with stars in the spectra recorded after deposition of mass-selected HC 2n+1 H + ͑Fig. 4͒. They grow in intensity upon UV irradiation of the matrix. The spectra measured after photobleaching the n =4-6 members are denoted with letters b, d, and f in Fig. 4 . The one marked h was recorded after continuous UV irradiation of the matrix during deposition of HC 15 H + . The UV spectra of HC 2n+1 H are simple as they exhibit two bands only: a strong origin and a weaker vibrational band lying ϳ1700 cm −1 above. In case of HC 9 H only the origin band is seen in Fig. 4 . The wavelengths of the of HC 2n+1 H origin band of this transition follow a linear dependence as a function of the number of carbon atoms, similar to the known long-wavelength Ã 3 ⌺ u − ← X 3 ⌺ g − transition 15 ͑bottom and second from top lines in Fig. 3͒ . Although the UV system of HC 2n+1 H dominates the spectra shown in Fig. 4 , the Ã 3 ⌺ u − ← X 3 ⌺ g − transition is barely seen. In the case of HC 11 H, where the strongest bands of the Ã 3 ⌺ u − ← X 3 ⌺ g − system are discernible, the ratio of the integrated intensity of the UV band system to the visible one is evaluated to be 280Ϯ 30. From the change of the intensity of neutral and ionic form of HC 11 H upon UV irradiation one can also estimate the relative intensities of the strong UV transition of these species. They have an almost equal integrated intensity ͑HC 11 H / HC 11 H + = 0.95Ϯ 0.1͒. HC 2n+1 H ͑n =3-6,9͒ have been studied in the gas-phase by means of a resonant two-color two-photon ionization technique. 19 The wavelength of the origin band of HC 13 H in the gas-phase is found at 281.82 nm and at 290.0 nm in a neon matrix. Smaller members of HC 2n+1 H ͑n =2-4͒ have been studied by ab initio CASSCF and MRD-CI methods. 19, [22] [23] [24] These predict a strong transition from X 3 ⌺ g − to the B 3 ⌺ u − state. MRD-CI excitation to this state of HC 9 H is at 5.91 eV, 23 while the present experimental data give 5.51 eV. The band system of HC 2n+1 H ͑n =4-7͒ seen in Fig. 4 is assigned to the B 3 ⌺ u − ← X 3 ⌺ g − electronic transition. The wavelengths of the observed bands of HC 2n+1 H and their assignment are colleted in "n =2-7… Even and odd members of the neutral HC n H series differ considerably in their electronic structure due to the presence of a half-filled orbital for the latter species. As a consequence, HC 2n+1 H have triplet ground state in contrary to the singlet for evens. The lowest energy electronic transition of the odds falls into the visible and near infrared spectral ranges, while for the evens it lies in the UV. Other consequence is a triple/single bond alternation in the case of HC 2n H and a complex character for odd polyacetylenes. Theoretical studies reveal that the HC 2n+1 H series splits into two subgroups ͑HC 4n+1 H and HC 4n+3 H͒ having similar geometri- cal structure. 20, 24, 33 Such behavior can be expected also for cations of polyacetylenes, where both odd and even members have doublet ground state resulting from the unpaired electron. 20, 24, 33 Therefore, it is worthwhile to compare electronic transitions of even and odd members of the polyacetylene cations with each other.
Electronic transitions from the ground to higher excited electronic states of the even HC 2n H + ͑n =2-7͒ polyacetylene cation series have been studied in neon matrices. 28 These cations exhibit Ã 2 ⌸ ← X 2 ⌸ electronic transition in the visible and near infrared and a strong Ẽ 2 ⌸ ← X 2 ⌸ system in the UV. The intensity of the latter is an order of magnitude larger than that of the former. Three much weaker transitions to states B , C , and D lie between Ã and Ẽ in energy and have also been detected in these studies. Cations belonging to the odd HC 2n+1 H + series mimic to some extent the even ones.
The strongest electronic transition Ẽ 2 ⌸ ← X 2 ⌸ lies also in the UV, the next most intense to state C is located in the visible range. The Ã 2 ⌸ ← X 2 ⌸ transition is an order of magnitude weaker than the latter.
The energies of the electronic transitions of the even HC 2n H + and odd HC 2n+1 H + series are compared in Table II . There is a striking similarity between the transition energy of two neighboring cations, e.g., HC 4 Table II . The accuracy is estimated to be ϳ Ϯ 10% within the same cation, while for two different species this could be somewhat worse. The integrated intensity of a given band system is proportional to the oscillator strength f of the transition. By knowing the concentration of the cations trapped in the matrix and the optical path length, the f-values can be evaluated by using f = 4 0 m e c 2 ln 10
where f is the oscillator strength; 0 , m e , c, N A , and e are physical constants and ͑͒ is the molar extinction coefficient. ͑͒ can be evaluated from the number of cations deposited into the matrix ͑accumulated charge͒ and its volume ͑2 ϫ 2 ϫ 0.015 cm 3 ͒. The path length was ϳ2 cm. To test how reliable f can be from the experimental data, the Ã , B , and C band systems of HC 5 H + were chosen as for these the integrated intensities and the theoretical oscillator strengths resemble each other the most. The values obtained are f͑Ã ͒ = 7.5ϫ 10 −4 , f͑B ͒ = 7.6ϫ 10 −3 , and f͑C ͒ = 0.022, while calculations give 0.0005, 0.034, and 0.06, respectively. 35 Experiments provide a lower bound to oscillator strengths of cations because losses due to charge neutralization during deposition of the matrix are not taken into account. It is assumed that this can lower f by a factor of ϳ2 as the UV band system of neutral HC 2n+1 H has an intensity comparable to the cationic one in the spectra recorded. The experimentally determined f-values for all the band systems for HC 2n+1 H + are given in Table II . The strong band systems of HC 2n+1 H + and HC 2n+1 H reported in this contribution provide more a sensitive means of detection of such species in gas-phase experiments and perhaps in astrophysical environments than it was possible via their weaker Ã 2 ⌸ ← X 2 ⌸ or Ã 3 ⌺ u − ← X 3 ⌺ g − transitions. In the case of HC 2n+1 H + ͑n =3-5͒ most appropriate for this purpose is the Ẽ 2 ⌸ ← X 2 ⌸ transition, while for the larger cations ͑n =6,7͒ more suitable is the C 2 ⌸ ← X 2 ⌸ system.
